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Abstract: Mounds of spatter are generated in laser powder-bed fusion (L-PBF) additive manufacturing, which reduces build
quality and laser lifetime. Due to the lack of supplemental airflow above the chamber, the conventional build chamber with a
single gas inlet exhibits a pronounced tendency for gas to flow upward near the outlet. This phenomenon results in the formation
of a large vortex within the build chamber. The vortex leads to the chaotic motion trajectory of the spatter in the build chamber.
The design defects of the existing build chamber based on dual gas inlets are shown in this paper. We established a coupled
computational fluid dynamics-discrete phase model (CFD-DPM) model to optimize the build chamber by adjusting the position
and structure of the second gas inlet. The homogeneity of the flow is increased with a distance of 379 mm between the two
inlets and a wider-reaching second inlet. The Coanda effect is also crucial in the spatter-removal process. The Coanda effect is
reduced by modifying the right sidewall of the build chamber and increasing the pressure difference between the inlet and
outlet. Finally, we found that the spatter-removal rate rose from 8.9% to 76.1% between the conventional build chamber with a
single gas inlet and the optimized build chamber with two gas inlets.
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1 Introduction

Laser powder-bed fusion (L-PBF) technology
offers higher build accuracy and surface quality than
other metal additive manufacturing technologies. With
fast manufacturing, low cost, and the ability to print
parts with complex geometrics, it is widely used in
the production of complex components such as auto-
motive, aerospace, defense parts, medical devices, and
consumer products (Amiri and Payton, 2021; Debroy
et al., 2021; Jadhav and Jadhav, 2022; Dong et al.,
2024). However, in the L-PBF process, the metal
powder forms a molten pool when the temperature
attains the melting point under the action of a high-
energy laser; then the powder vaporizes to form metal
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vapor when the surface temperature of the molten
pool exceeds the boiling point, which is harmful to
the part-building process. For example, the spatter en-
trains and settles to merge with the melt pool and is
one of the source materials for the final weld bead
produced by L-PBF. In addition, when the tempera-
ture of the melt pool falls, these particles remain in-
completely melted and become a source of roughness
and porosity in the printed parts (Yadroitsev et al.,
2010; Matthews et al., 2016). The spatter absorbs and
attenuates the laser energy, which makes the sintering
energy lower than the set value. The spatter also causes
scattering, leading to laser-focus shift and poor manu-
facturing accuracy (Greses et al., 2004; Shcheglov
et al., 2013). Therefore, the removal of this spatter is
of paramount importance in avoiding defective parts.
Extensive research has been done to reveal the gen-
eration mechanism of spatter. Scientists have observed
the dynamic spattering process of cobalt-chromium
alloys during L-PBF with a high-speed video camera
(Wang et al., 2017). The characteristics and forma-
tion mechanism of the spatter were revealed by in
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situ high-speed, high-energy X-ray imaging that al-
lowed the team to quantify the velocity, size, and di-
rection of the spatter (Young et al., 2020). The dynamic
behavior of the spatter-generation process was also
investigated using a high-speed camera technique
(Gunenthiram et al., 2018). Various strategies have
been proposed to minimize the impact of spatter on L-
PBF part quality. In terms of laser volumetric energy
density, Andani et al. (2018) found that increasing the
laser scanning speed or decreasing laser power could
reduce spatter, using image analysis techniques. The
advantage of this strategy is that a higher scanning ve-
locity and lower laser power can reduce the amount
of hot spatter. However, higher scanning velocity re-
sults in a longer scanning path, which increases the
cold spatter caused by entrainment. Furthermore,
higher scanning velocity and lower laser power can
keep the temperature of the melt pool from reaching
the level required. Incomplete melting of powder par-
ticles results in structural defects. In terms of the scan-
ning path, relevant research shows that consistency
between the laser-scanning direction and spatter-
removal airflow can significantly reduce spatter accu-
mulation near the chamber outlet, but that thickly ac-
cumulated spatter is still difficult to remove (Bin
Anwar and Pham, 2017, 2018). The transient dynam-
ics of the spatter during L-PBF vary with time, ambi-
ent pressure, and position, and the overall amount of
the spatter decreases as the ambient pressure increases
(Guo et al., 2018). Vacuum conditions and high laser-
scanning speed are detrimental to powder-bed stability,
which leads to more spatter (Annovazzi et al., 2022).
Other factors that affect spatter generation are protec-
tive gas composition (Pauzon et al., 2021), laser mode
(volume energy density (VED)) (Nguyen et al., 2020;
Sow et al., 2020), laser pre-sintering (Constantin et al.,
2021; Annovazzi et al., 2022), and powder material
(Tan et al., 2017; Gunenthiram et al., 2018).

The studies described above attempted to reduce
the impact of spatter beginning with spatter genera-
tion. However, the requirements of the L-PBF process
make it difficult to reduce the impact of reducing spat-
ter further. The gas-flow strategy is another effective
way to improve spatter removal in practice. It enables
an undisturbed process by using gas flow to remove
spatter from the process zone. Numerical simulation
techniques have been widely used to study the com-
plex flow of spatter motion during the L-PBF process.
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Chien et al. (2021) proposed a coupled computational
fluid dynamics-discrete phase model (CFD-DPM) sim-
ulation framework to optimize the flow field of the
protective gas in L-PBF. Wang et al. (2022) numeri-
cally simulated the interaction between the protective
gas flow and the spatter by building a full-size model
of the build chamber. Another group developed a CFD
model to simulate the homogeneity of the protec-
tive gas flow in the build chamber, which affects the
values and ranges of the compressive strength and
density of the constructed part (Ferrar et al., 2012). A
more uniform flow was achieved by redesigning the
gas-delivery pipe. Gao et al. (2023) also tried to re-
organize the protective gas flow by optimizing the
structure of the L-PBF build chamber. They used a
combination of numerical simulations and experiments
to optimize the wind-field circulation structure of
the chamber, which resulted in a parabolic wind-field
circulation trajectory (Gao et al., 2023). The wind-field
circulation structure was optimized by increasing the
number of nozzles in the main air duct. Meanwhile,
Zhang et al. (2020) used a design based on the inverse
Coanda effect to improve the spatter-removal rate.

In summary, most studies have concentrated on
factors such as spatter jet velocity, angular dispersion,
and spatter redeposition sites. Different strategies have
been proposed to reduce spatter generation. In con-
trast, research on the gas-flow strategy focuses on the
interaction between the flow field and the spatter. The
gas-flow strategy operates in the build chamber using
a combination of a single gas inlet and a single gas
outlet. However, the key factor that determines the ho-
mogeneity of the flow above the powder bed has not
been thoroughly explored. What is clear is that the
gas supplied by a single inlet tends to flow upward
near the outlet due to the lack of additional gas sup-
plied on the upside of the build chamber. The nose-up
of the flow near the outlet destroys the homogeneity
of the flow above the powder bed and impedes spatter
removal.

Our first step here will be to examine the design
defects of the existing build chamber based on dual
gas inlets. The aim of this study was to propose a de-
sign solution for a novel build chamber that would en-
hance the spatter-removal rate for L-PBF technology.
We established a fully coupled CFD-DPM to model
the flow pattern and particle trajectory. Based on the
homogeneity of the flow, the threshold velocity, and
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the removal rate of particles, we assessed the pro-
posed spatter-removal gas-flow system.

2 Numerical simulation method

The effectiveness of spatter removal mainly de-
pends on the drag force of the protective gas flow and
the gravitational forces. We built a fully coupled CFD-
DPM model to simulate the complex flow involving
the protective gas and spatter in an L-PBF chamber.

2.1 Theoretical foundations

The gas flow in the L-PBF chamber was simu-
lated using ANSYS FLUENT software and the k-¢
turbulence model. The continuity and momentum
equations can be expressed as follows:

PV V=0, (1)
V-(puV) :—g—]; + 581; + %Ty + % +pf.,
V-(pvV) :_% + % %T; + % +pf, (2)
V-(paV) :—g—lz) + aaix + 681))} + % +pf

where VI is the time rate of change of the relative
change in volume per unit volume of a fluid micro-
cluster in motion; p is the fluid density; p is the static
pressure; 7 is the stress tensor; f'is the external force;
u, v, and w are velocity components in x, y, and z
directions.

The transport equation of the K-¢ turbulence
model can be expressed as follows:
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where K and ¢ are the turbulent kinetic energy dissipa-
tion rates; u is the dynamic viscosity; u; is the velocity
component; g, is the vortex viscosity; G, is the turbu-
lent kinetic energy due to the mean velocity gradient;

G, is the generating term of the turbulent kinetic en-
ergy K due to buoyancy, which is an incompressible
fluid in the present study, therefore, G,=0; pe is the
dissipation term; Y,, is the compressibility correction
term, which is the contribution of pulsatile expansion
in the compressible turbulence; S, and S, are the
source terms for the equations K and &, respectively.
The constants take the values: C,=1.44, C =192, C =
0, and P,=1.0.

An important indicator for optimizing the flow
structure of the build chamber for spatter removal is
whether the particles are “blown” out of the chamber.
Thus, it was crucial to accurately simulate the spatter
trajectories. We used the discrete phase model to trace
the trajectories. A fully coupled CFD-DPM model was
constructed to study the interaction between the gas
flow and the spatter. The integrated fluid-particle pres-
sure and momentum equations were treated with the
semi-implicit method for pressure linked equations
(SIMPLE) algorithm.

The jumping of the particles on the surface of
the powder bed was another issue that required partic-
ular focus when optimizing the flow structure of the
build chamber. During the L-PBF manufacturing pro-
cess, the high-speed gas flow can induce movement
of the particles on the surface of the powder bed,
which will lead to localized uneven powder-layer
thickness and ultimately affect part quality. Therefore,
the local flow velocity should be strictly limited. Fig. 1
illustrates the force analysis of the particles on the sur-
face of the powder bed. A jump will occur if the wind
stress given by the gas flow causes the surface parti-
cles to rotate around their neighboring support point
(point ¢ in Fig. 1). The jump occurs when the mo-
ments of the aerodynamic drag (F,) and aerodynamic
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Fig. 1 Schematic diagram of moment balance of a particle



lift (F}) exceed the moments of interparticle cohesion
(F,) and gravity (F,) (Kok et al., 2012). The moment
balance equation is as follows:

rdFdzrg(Fg_Fl)+ripFipa ®))

where 7, 7,, and r,, are proportional to the particle di-
ameter d, and F,, F,, F), and F, are the drag, gravity,
lift, and cohesion, respectively.

2.2 Physical description of the simulation study

We propose a novel gas-intake system with dual
gas inlets for spatter removal from the build chamber,
as shown in Fig. 2a. A second gas inlet is added above
the main gas inlet compared with the conventional
build chamber. The center of the powder-bed surface
is set as the coordinate origin, the horizontal direction
of the main gas inlet is the Z direction, and the verti-
cal direction from the powder bed to the laser mirror
chamber is the Y direction. The size of the powder
bed is 460 mmx370 mm in the X and Y directions.
The main gas inlet consists of 300 cylindrical nozzles
with 6 rows and 50 columns, and the size of the inlet
is 514 mmx*42 mm in the X and Y directions. The sec-
ond gas inlet consists of 75 cylindrical nozzles with
3 rows and 25 columns, and the size of the inlet is
250 mmx13 mm in the X and Y directions. The dis-
tance between the centers of the two gas inlets is
454 mm. The center of the main gas inlet is 5 mm
from the bottom of the powder bed in the Y direction.
The size of the outlet is 600 mmx75 mm in the X and
Y directions. The initial design of the second gas inlet
had a width of 250 mm in the X direction.

As shown in Fig. 2b, the protective gas is blown
into the build chamber from the gas-intake system,
and brings the spatter towards the outlet. The exhausted
protective gas is extracted by an exhaust fan to dedust
in a filtering apparatus. The filtered protective gas is
then reintroduced into the chamber.

2.3 Numerical settings

The trajectories of the dispersed particles are
predominantly determined by the resistance of the gas
flow (Bin Anwar et al., 2019). The dilute flow mech-
anism is considered for the interaction simulation
of spatter and gas flow. In this type of flow, the in-
teractions between the particles can be disregarded.
Therefore, the particle-particle interaction was not
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Fig. 2 Schematic of the build chamber with dual gas inlets:
(a) 3D model of the build chamber; (b) circulatory system
of the protective gas; (c) sputtering and other by-product
generation

considered in the flow simulation. Any particles
that fall back into the powder bed, whether they
continue to move or are deposited, will potentially
affect the quality of the manufactured part. In the
model, all particles that fell back into the powder bed
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were defined as redeposited particles. The boundary-
condition type of the powder bed was set as a “trap”
to model the spatter deposition. The discrete phase-
boundary condition type of the rest wall was set as
“reflect”. The discrete phase-boundary condition type
of the inlet and outlet was set as “escape”. The ini-
tial pressure was set to 101325 Pa, and the gravita-
tional acceleration was taken as —9.81 m/s’ in the Y di-
rection. The inlet and outlet were set as the pressure
inlet and pressure outlet, respectively. The pressure
values were set as 5 Pa (the corresponding flow rate
is 1080.9 L/min) and —15 Pa at the inlet and outlet,
respectively, according to the actual situation. The
detailed settings of the boundary conditions are shown
in Table 1 and the material properties are listed in
Table 2.

Table 1 Boundary-condition settings

Name Boundary condition
Inlet Pressure inlet
Outlet Pressure outlet
Powder bed “Trap” wall
Room wall “Reflect” wall

Table 2 Material properties

. . 3 Dynamic
Material Phase Density (kg/m’) viscosity (Pa-s)
Argon Continuous 1.6228 2.125x10°°
316L Discrete 7950 -

As shown in Fig. 2c, the primary source of spat-
ter in L-PBF is the vaporization of metal powder. The
powder forms a molten pool under the action of a
high-energy laser, and then vaporizes as the tempera-
ture of the melt pool exceeds the boiling point. In the
building area of the build chamber, the spatter is sput-
tered at a certain angle and speed at the laser irradia-
tion position during the sintering process (Ladewig
et al., 2016). According to the results of previous stud-
ies, the closer the particle-ejection position is to the
air inlet, the more difficult it is to blow particles away
from the build chamber. Therefore, the particle-spatter
source was placed above the powder bed at a distance
of 40 mm away from the gas inlet, as shown in Fig. 2a.
The spatters were set to be spherical, as recommended
(Simonelli et al., 2015). The diameter of the particles
was between 10 and 100 pm, and speeds were be-
tween 1.5 and 35.0 m/s. Moreover, the particles were
incident in a conical shape, with a cone angle in the
range of 45° to 70°. We tracked the trajectories of the

particles to assess the influence of flow patterns of
protective gas on spatter-removal rate. Random spat-
ter incidence angles were used in this study.

It was imperative to investigate the threshold ve-
locity for particles jumping in the powder bed. Re-
search indicates that the phenomenon of powder-bed
particle jumping can be likened to the jumping behav-
ior of sand particles in wind-driven sand transport.
Eq. (6) provides a method of calculating the threshold
velocity (u.) for the metal particles (Shao and Lu,
2000).

14
U.= AN(épgd+ pd)’ (6)

where 4, and y are constants with values of 0.0123
and 0.0003 kg/s’, respectively; g is the acceleration of
gravity; p is the density of the protective argon gas
used to remove the spatter; d is the diameter of the
powder-bed particles; d, is the ratio of particle density
to gas-flow density.

The threshold velocity of particles with diame-
ters ranging from 10 to 200 pm was based on Eq. (6)
(Zhang et al., 2020). Zhang et al. (2020) proposed
that the minimum threshold velocity of gas flow for
particles jumping on the surface of the powder bed
should be 10.27 m/s (for particles with a diameter of
60 pum). We determined the threshold velocity at 1 mm
above the powder bed to be 3.38 m/s. This velocity
was crucial for accurately measuring the data and was
derived from the logarithmic law profile equation.
The equation that governs this relationship is:

u(z) _ u B

U, k

where £ is the “von Karmen” constant (takes 0.4). B
is an additive constant derived from integrating the
logarithmic velocity profile, with empirical estimates
ranging from 4.9 to 5.1; here, B=5. z is the distance
between the surface of the powder bed and the moni-
toring plane, and x is the dynamic viscosity of the pro-
tective argon gas.

(7

2.4 Mesh independence study

Mesh is one of the most important factors affect-
ing the solution accuracy of numerical simulation.
The maximum flow velocity of the wind field at 1, 5,



10, and 50 mm above the powder bed was extracted
to evaluate the mesh independence. The mesh quantity
was then refined by changing the mesh size of key ar-
eas such as the inlet and outlet pipes, inlet and outlet
parts, laser chamber, and powder bed. Fig. 3 shows
that the velocity became stable as the mesh number
reached 7.5 million. We chose mesh with a grid of
9 million.
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Fig. 3 Grid independence study

3 Result analysis and optimization

We used a quantitative assessment of spatter-
removal rate, named removal rate, to evaluate the gas-
intake system. The removal rate is defined as the num-
ber of removed spatters divided by the total number
of generated spatters. The mathematical expression of
removal rate (R) is:

R = (M) x 100%, (8)

a

where p, is the number of redeposited particles on the
powder bed and p, is the total number of generated
Spatters.

Furthermore, to provide a quantitative assessment
of the consistency of gas-flow velocity near the pow-
der bed, we introduced the concept of homogeneity as
a measure of the dispersion of gas-flow-velocity dis-
tribution in the proximity of the powder bed. The term
homogeneity (H) can be mathematically expressed as:

=i-

v v

100 % v,

max min

} x 100%, )

J Zhejiang Univ-Sci A (Appl Phys & Eng) 2025 26(3):252-265 | 257

where v, and v, are the maximum, minimum,

max? Vmin’
and average flow rates of gas on the monitoring plane,
respectively.

The interaction between gas and spatter within
the build chamber is depicted in Fig. 4. The number
of spatters generated in the study was 1520. The num-
ber of redeposited spatters was 1389 for the original

gas-intake system, resulting in a removal rate of 8.9%.

Fig. 4 Schematic diagram of simulated gas-spatter
interaction for the initial design (the inlet pressure is 5 Pa).
Different particle colors represent different particle speeds.
The position of the result presentation plane is denoted as
A—A'. The spatter-particle size is not accurately represented
and the diagram does not encompass all possible spatter
trajectories. References to color refer to the online version
of this article

3.1 Effect of the second gas inlet

Ladewig et al. (2016) investigated the impact of
homogeneity and velocity of protective gas flow on
spattering during the L-PBF process. The results indi-
cated that reducing the velocity of spatter-removal gas
flow led to a decrease in spatter-removal rate. Several
crucial design considerations for optimizing the air-
flow pattern were recommended by the group: (1) en-
suring homogeneity of gas flow above the powder bed,
(2) maximizing gas-flow rate to prevent by-product
redeposition, (3) positioning the gas flow as close to
the powder-bed surface as feasible, and (4) minimiz-
ing flow and turbulence of gas away from the powder
bed and in the upward direction. Fig. 5 shows a com-
parison of the velocity contour between the build
chamber with the original gas-intake system versus
the new gas-intake system. In the build chamber with
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Fig. 5 Velocity contour on the middle slice in the X
direction of the build chamber: (a) original gas-intake
system (A—A’ plane); (b) new gas-intake system with a
second inlet (A—A’ plane)

the original intake system, a clockwise-rotating vortex
occupies almost the entire space. This flow pattern re-
sults in the formation of “laminar flow” around the
powder bed. However, the protective gas from the in-
let flows upward and slows down as it passes through
the powder bed to the outlet. In the build chamber
with the new intake system, the protective gas sup-
plied by the second inlet suppresses the nose-up of
the laminar flow from the main inlet. The protective
gas from the main inlet becomes nearly parallel to the
powder bed and flows directly to the outlet. The ho-
mogeneity and velocity of the “laminar flow” passing
the powder bed were clearly increased, which provided
uniform drag to the spatter. The removal rate from the
build chamber with the new intake system increased
to 24.1%. On the other hand, the presence of spatter
in the laser path caused beam scattering, which leads
to inefficient use of laser energy (Ferrar et al., 2012).

The gas flow between the second inlet and the outlet
provided a protective airflow over the laser path.

3.2 Optimization of the second gas inlet

As shown in Fig. 2a, in the initial design of the
second gas inlet it was positioned 454 mm above the
main gas inlet. We investigated the effect of the dis-
tance between the two inlets on the removal rate. Fig. 6
presents a velocity contour (with a streamline super-
posed on it) on the middle slice of the build chambers
at different distances. We compared five distances:
354,379, 429, 454, and 479 mm.

As shown in Fig. 6, the location of the vortex
core next to the powder bed varied for different dis-
tances. When the distance between the two air inlets
was less than 379 mm or more than 454 mm, the ef-
fect of the protective gas supplied by the second inlet
on the laminar flow was reduced. Reverse flow was
observed above the laminar flow near the outlet. The
reverse flow was detrimental to the acceleration of the
laminar flow. We studied the effect of the second airst-
ream within the range of 379 to 454 mm. The detailed
observations for different distances are discussed in
the following paragraphs. We evaluated the effect of
fluid drag force exerted by the airflow on particles by
tracking particles with a diameter of 30 um and speed
of 4.5 m/s. Additionally, we conducted a statistical
analysis to assess the removal efficiency of all particles.

(1) For the distance of 454 mm, the clockwise ro-
tating vortex of the build chamber with the original
gas-intake system was replaced by a series of counter-
rotating vortex pairs. The main vortex pairs were split
by the nose-up flow of the laminar flow from the main
inlet. The protective gas flowed up to the second inlet
due to the pressure differential between the two inlets.
A clockwise rotating vortex then formed just above
the powder bed. The spattering was highly affected by
the downwash flow on the right of the clockwise-
rotating vortex above the powder bed. The downwash
flow moved to the particle incidence position with an
obtuse angle of 6, which exerted horizontal and verti-
cal drag forces on the spatter. The trajectories of the
spatter with a diameter of 30 um show that the maxi-
mum spatter distance in the horizontal direction was
140.6 mm and the average distance was 78.6 mm.
The maximum spatter height in the vertical direction
was 45.9 mm. The spatter-removal rate was 24.1%
for this distance.
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Fig. 6 Comparison of gas streamline diagrams for different positions of the second inlet (A—A’ plane)

(2) For the distance of 429 mm, the core of the
clockwise-rotating vortex above the powder bed
moved to the left of the build chamber. The down-
wash flow on the right of the clockwise-rotating vortex
blew to the particle incidence position with an acute
angle of 6. The acute angle of § exerted a negative ef-
fect on the acceleration and homogeneity of laminar
flow above the powder bed. The maximum spatter
distance of the particles in the horizontal direction
was 71.5 mm and the average distance was 62.5 mm.
The maximum spatter height in the vertical direction
was 49.2 mm. The spatter-removal rate was reduced
to 16.9 %.

(3) For the distance of 379 mm, the downwash
flow on the right of the vortex flowed to the particle
incidence position with an angle of approximately 90°
due to the impact of the right sidewall. This flow
angle of the downwash flow brought about additional
resistance to the particles in the vertical direction. The
maximum spatter height of the spatters was 33.5 mm.
The average spatter distance was 82.4 mm in the hori-
zontal direction, which indicated that the laminar flow
above the powder bed could exert a relatively large
horizontal drag on the particles. The spatter-removal
rate was 18.5%.

It can be inferred from the above that augmenta-
tion of horizontal drag and reduction of vertical resis-
tance may enhance spatter removal. The spatter height
of the particles will increase with the increase of the
angle 6. A relatively high angle § means the downwash

flow on the right of the vortex turns to the horizontal
direction at the right of the particle incidence position.
An increase in horizontal drag is caused by the flow,
which enhances the horizontal travel distance of the
spatter. The trajectories of the particles are confined
within the region encompassed by the two inlets.

Ferrar et al. (2012) found that increasing the ho-
mogeneity of the laminar flow near the powder bed
reduced part porosity and increased compressive
strength. We calculated the flow homogeneity on four
horizontal planes above the powder bed, using Eq. (9).
The four planes were located at 1, 5, 10, and 50 mm
above the powder bed. As shown in Fig. 7, flow ho-
mogeneity was greatly influenced by the distance be-
tween the two inlets. It reached maximum values in
all four horizontal planes at a distance of 379 mm.
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Fig. 7 Airflow homogeneity at different locations above
the powder bed
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A high spatter-removal rate is essential to attain-
ing superior quality in parts manufacturing. Enhanc-
ing the velocity of the laminar flow can lead to an im-
provement in the removal rate (Zhang et al., 2020).
The increase in flow homogeneity near the powder
bed provided the possibility of raising the overall lam-
inar flow velocity near the powder bed. This allowed
greater flexibility in applying a larger pressure differ-
ence between the inlet and outlet. Meanwhile, it was
necessary to consider the threshold velocity for pow-
der particles jumping in the powder bed, to prevent
the particles from “leapfrogging”. Consequently, we
chose a distance of 379 mm between the two inlets.

Analysis of the spatter trajectory showed that the
trajectory was highly affected by the protective gas
supplied by the second inlet. However, as shown in
Fig. 2, the width of the powder bed and the spatter
source in the X direction was 460 mm, while the
width of the second inlet was only 250 mm. Thus, the
second inlet could not cover the whole width of the
powder bed. The spatter generated at both of the pow-
der beds was weakly affected by the protective gas
supplied by the second inlet. Fig. 8 presents the maxi-
mum spatter distance in the horizontal direction and
the maximum spatter height in the vertical direction at
different lateral positions in the X direction. The maxi-
mum spatter distances of the particles at the two sides
of the powder bed were much shorter than those of
the particles covered by the second inlet. Moreover,
the maximum height of the particles at the two sides of
the powder bed were much higher than those of the
particles covered by the second inlet. The optimization
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Fig. 8 Comparison of the particle paths along the width
of the powder bed. References to color refer to the online
version of this article

of the second inlet was essential to improve the flow
pattern at both sides of the powder bed.

We then tried a new type of inlet for the second
inlet (Fig. 9). The width of the second inlet was in-
creased to 500 mm, which was wider than the powder
bed and the spatter source. Fig. 10 compares the
streamlines of the build chamber with the original
second inlet and the one with the modified second in-
let. In the original design, the streamlines were con-
centrated in the middle of the build chamber, which
meant that the protective gas supplied by the second
inlet could not cover the entire powder bed well. The
streamlines were evenly distributed in the build cham-
ber with the modified second inlet. Fig. 11 shows the
maximum spatter distance in the horizontal direction
and the maximum spatter height in the vertical direc-
tion at different lateral positions in the X direction, for
the build chamber with the modified second inlet. The
homogeneity of the spatter trajectory clearly improved
at each position in the powder bed. However, the modi-
fication of the second inlet increased the inlet width
and airflow coverage area, which altered the pressure
difference between the second inlet and the outlet. In

VO\OP"imization
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Fig. 9 Schematic of the modification of the second inlet
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Fig. 10 Comparison of the streamlines in the build chamber
with the original second inlet and the build chamber with
the modified second inlet
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spite of the improvement in flow homogeneity, the
spatter-removal rate decreased slightly to 14.3%.

3.3 Anti-Coandaeffect design

The Coanda effect is also known as the wall-
attachment effect. It describes the phenomenon of
fluid flowing along the curvature of a wall if the cur-
vature is small, due to fluid viscosity, rather than con-
tinuing in a straight line. Section 3.2 analyzes the
effect of vortex-rotation direction on spatter trajecto-
ries. A more uniform flow past the powder bed was
obtained with a distance of 379 mm for both inlets. In
addition, insufficient coverage was solved by optimiz-
ing the second gas inlet, which enhanced the homoge-
neity of the influence of the protective gas on the spat-
ter trajectory. However, the Coanda effect caused
the downwash flow of the vortex to blow simulating
the particle-injection point from the top down. This
phenomenon limited particle spatter height. After a
90° turn to the powder bed, the horizontal flow be-
came faster and more uniform. This resulted in spatter
with a greater drag force and a longer spatter distance
in the horizontal direction.

We employed the strategy of moving the right
sidewall outwards (Fig. 12) to reduce the effect of the
downwash flow induced by the Coanda effect above
the particle-injection point. Fig. 12a shows the maxi-
mum spatter heights and removal rates of the particles
with different moving distances. The maximum spat-
ter height of the particles and the removal rate in-
creased as the sidewall moved outwards in the range
of 0 to 20 mm. The maximum values of the two
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parameters were obtained as the distance of the wall
outward-moving reached 20 mm. As shown in Fig. 12c,
the downwash flow on the right of the vortex flowed
to the particle incidence position at the angle of the 6,
which was greater than 90°. The change of downwash
flow direction is beneficial because it increases the
maximum spatter heights. However, an improvement
in the removal rate is not evident compared with the
increase in the maximum spatter height of the parti-
cles. Such a 6 angle cannot provide sufficient horizon-
tal drag force to the particles.

To address this issue, we propose a modified
wall design, illustrated in Fig. 13. This design aims to
alter the flow direction to augment the horizontal drag
force acting on the particles. As shown in Fig. 13b,
the downwash flow of the vortex above the powder
bed is directed to turn along the sidewall on the right
side of the particle incidence position. The downwash
flow then blows to the particle incidence position from
the right side. The change of the flow pattern around
the particle incidence position reduces its influence on
particle spatter height and brings sufficient horizontal
drag to the particles. The removal rate can thus be in-
creased to 47.5%.

The above discussion underscores the impor-
tance of maintaining the high velocity of the laminar
flow above the powder bed in enhancing the spatter-
removal rate. The pressure difference between the inlet
and outlet is another important factor that affects the
velocity of the laminar flow. Fig. 13¢ compares the
removal rate and maximum velocity at the plane
1 mm above the powder bed when the inlet pressure
is changed. Both parameters increased along with
the inlet pressure. As the inlet pressure increased to
17.5 Pa (the corresponding flow rate is 1425.6 L/min),
the maximum velocity overshot the threshold velocity.
An inlet pressure of 15 Pa (the corresponding flow
rate is 1349.5 L/min) is recommended. The spatter-
removal rate increased to 76.1%, while the number of
particles re-deposited onto the powder bed signifi-
cantly decreased.

4 Conclusions

We propose a novel gas-intake system with dual
gas inlets to improve the flow field of the build cham-
ber for L-PBF and reduce spatter during additive
manufacturing. The gas-intake system with dual gas
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inlets is optimized by adopting CFD technology. We
developed a fully integrated CFD-DPM to simulate
the interaction between spatter and gas flow. The gas
flow around the powder bed and the spatter trajecto-
ries were carefully examined. The homogeneity and
maximum velocity of the flow around the powder bed,
and the spatter-removal, were used as the optimiza-
tion criteria. Some conclusions can be drawn:

1. The addition of a second gas inlet greatly
alters the flow structure in the L-PBF build chamber.
The clockwise-rotating vortex occupies nearly the en-
tire build chamber and is replaced by pairs of counter-
rotating vortices, which suppresses the nose-up of the
laminar flow passing the powder bed. A more uniform
laminar flow is thus formed around the powder bed.
The uniform laminar flow gives uniform drag to the
spatter, which increases the removal rate of the spatter
from 8.9% to 24.1%.

2. The distance between the main inlet and the
second inlet plays an important role in the homoge-
neity of the laminar flow passing the powder bed. Re-
ducing the distance between the two inlets results in a
more uniform distribution of the laminar flow. The op-
timal distance between the two inlets is 379 mm.

3. The width of the second inlet is another key
factor that affects the homogeneity of the laminar flow
along the width of the powder bed. A narrow second
inlet is insufficient to cover all the particles, which
leads to high spatter height in the vertical direction at
both width-wise sides of the powder bed. Increasing
the width of the second inlet clearly improves the ho-
mogeneity of the flow and the spatter trajectory. How-
ever, this modification of the second inlet increases
the flow area, which alters the pressure difference be-
tween the second inlet and the outlet. Thus, despite
the improvement of flow homogeneity, the spatter-
removal rate slightly decreases to 14.3%.

4. The Coanda effect along the right-side wall
causes the downwash flow of the vortex to blow the
simulated particle-injection point from the top down,
which limits particle spatter height. Moving the lower
half of the right-side wall outwards alters the direction
of the flow blowing to the particle-injection point. This
increases the removal rate to 47.5%. The pressure dif-
ference between the inlet and outlet also strongly af-
fects the velocity of the laminar flow. Increasing the
pressure difference improves the removal rate. Based
on the threshold velocity, an inlet pressure of 15 Pa is

J Zhejiang Univ-Sci A (Appl Phys & Eng) 2025 26(3):252-265 | 263

recommended as the outlet pressure is =15 Pa (the
corresponding flow rate is 1349.5 L/min). A removal
rate of 76.1% can be obtained with this pressure
difference.
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